A broad spectrum of pathologies that involve the laryngotracheobronchial airway and imaging plays a crucial role in evaluating these abnormalities. Computed tomography with virtual bronchoscopy has been found to be very helpful in defining the location, extent, and nature of these lesions, and is increasingly being used even in patients with contraindications for fiberoptic bronchoscopy and laryngoscopy. Ionizing radiation, associated with virtual bronchoscopy, can be minimized by using low-dose multidetector computed tomography and hybrid iterative reconstruction techniques. Furthermore, retrospectively generated virtual bronchoscopy from a routinely acquired computed tomography data set eliminates additional cost and radiation. In the future, virtual bronchoscopy assisted with advanced navigational techniques will broaden the diagnostic and therapeutic landscape. This article presents the characteristic features of common and rare laryngotracheobronchial pathologies seen with virtual bronchoscopy.
Virtual bronchoscopy (VB) can simulate endoscopic intraluminal views similar to those obtained by conventional fiberoptic bronchoscopy (FOB). It is noninvasive and easily obtained by postprocessing of a routinely acquired high-resolution computed tomography (CT) data set. Compared with FOB, which is limited for the evaluation of intraluminal pathologies, VB in a single examination can depict intraluminal manifestations of different diseases, along with a lucid demonstration of surrounding anatomy [1, 2] . Preprocedural VB information with precise mapping of location and extent of laryngotracheobronchial pathologies helps in preplanning interventional bronchoscopic procedures such as balloon dilation, stent design, and laser ablation. Electromagnetic navigation guided by a prior VB data set results in higher diagnostic and therapeutic yields [3] . In addition, VB can be performed in cases in which FOB is contraindicated [4] . Although FOB is an extremely safe procedure [1, 4] , very low complication rates (morbidity of 0.08%e0.3% and mortality rates of 0.01%e0.02%) have been reported with FOB-assisted therapeutic procedures [5] . VB can be performed by using very low radiation exposure with low-dose CT techniques. We briefly discuss the technique and enumerate VB findings in some of the common and rare diseases of large airways.
Technique VB is performed prospectively by using raw data from neck and chest CT imaging carried out from nasopharynx to the lung bases with phonation techniques as described elsewhere [1] . Intravenous contrast is not routinely used, unless specifically indicated by the presence of mediastinal mass, central airway mass, or a high suspicion of vascular anomalies. In neonates and pediatric patients who weigh less than 50 kg, a setting of 80 kVp is used with 0.5e0.6-mm collimation and a pitch of 1.0e1.5 in a 64-detector row scanner [6] . Whereas, in adults, scan parameters of 120 kVp with a collimation of 64 Â 0.625 (rotation time, 0.75 seconds) is used for the neck examinations, and 120 kVp with a collimation of 32 Â 1.25 (rotation time, 0.75 seconds) is used for the chest acquisitions. Radiation dose reduction is obtained by automatic tube current modulation and forced expiration scanning when indicated by using 120 kVp and 40 mA. All prospective studies were reconstructed at 40% iterative reconstruction (Adaptive Statistical Iterative Reconstruction). The airway evaluation and postprocessing were carried out with reconstructed contiguous thin-section (0.616e1.16 mm) data sets, with a small degree of overlap (20%e21%). Postprocessing of the prospective and retrospective data was performed by an experienced radiologist (K.M.D.) by using the VB module in a high-performance workstation (TeraRecon Aquarius iNtuition 3-dimensional work stations, TeraRecon, Foster City, CA). CT raw data sets were digitally manipulated along any angle in a 360 spheroid to generate optimal views of targeted lesions.
As a routine, craniocaudal direction is used for all cases with the selective use of caudocranial direction in cases with proximal narrowing due to tumour mass or stenosis. Navigation through the laryngotracheobronchial airway is performed by using the fly-through mode, starting from the oropharynx up to evaluable last order bronchiolar divisions. VB provides excellent visualization of the laryngotracheobronchial airways starting from the base of the tongue to the seventh order bronchial subdivisions [7] and, in some cases, with deep inspiration up to the ninth order of bronchiolar division is seen.
Anatomic Variants
The normal appearance of VB anatomy has been described elsewhere [1] . Occasionally, tracheal narrowing is noted due to a complete tracheal ring, which may be associated with vascular anomalies, for example, the pulmonary artery sling complex [7] . Tracheal bronchus, however, includes a variety of bronchial anomalies that originate from the trachea or main bronchus and are directed towards the upper lobe [7] . The right tracheal bronchus is relatively more common (0.1%e2%) compared with the left tracheal bronchus (0.3%e1%) [7] and, depending upon the luminal diameter, VB can demonstrate the tracheal opening up to distal bronchial divisions ( Figure 1) .
A supernumerary tracheal bronchus may end blindly to form tracheal diverticula, which is incidentally found in 1% of the population [8] . On CT, these diverticula usually are located in the right and posterior lateral part of the trachea, close to T1 and T2 vertebra, usually present as a unilocular or multilocular paratracheal cyst. Communication between the cyst and the trachea may be seen on CT in approximately 8% of the cases [8] . VB visualization of the communication track of the tracheal diverticulum depends upon the size of the diverticulum neck, and, uncommonly, the lumen may not be delineated due to its smaller size ( Figure 2 ).
Bronchiectasis
Bronchiectasis is an abnormal dilatation of the bronchioles, and high-resolution CT is the diagnostic modality of choice in suspected bronchiectasis, with reported sensitivity and specificity of 97% and 100%, respectively [9, 10] . VB can evaluate different types of bronchiectasis and associated complications such as adjacent dehiscence of the bronchiolar wall, secondary to infection and formation of subsequent cystic changes ( Figure 3 ). Mycetoma formation inside a bronchiectatic cavity is an unusual complication [11] . VB can depict the bronchiolar lumen in a virtual navigational mode, which is virtually impossible with FOB due to proximal narrowing of the dilated bronchioles. Despite its strengths, differentiating normal from an inflamed bronchiolar wall based on colour differences by VB remains a limitation.
Fungal Infection
Fungal ball formations such as aspergillomas in pre-existing lung cavities are secondary to super-imposed fungal infections in sarcoidosis, bronchiectasis, tuberculosis, or histoplasmosis [11] , whereas invasive pulmonary aspergillosis occur in patients who are immunocompromised [12] . Typically, fungal balls are freely moving spheroids and radiologically are often noted in the dependent portions of cavities as a mass of soft-tissue attenuation [13] . Mucormycosis, a rare cause of cavitary lung lesions, tends to grow on necrotic lung tissues in immunocompromised hosts ( Figure 4 ). VB can clearly visualize the status of surrounding walls of a fungal cavity and, more importantly, can noninvasively document posttreatment changes, which is not possible with FOB.
Laryngotracheobronchial Narrowing
The risk factors for laryngotracheobronchial narrowing include prolonged intubation, tracheostomy, surgery, trauma, irradiation, and malignant tumours [14e18]. The reported incidence of high-grade stenosis after tracheal intubation may vary from 1%e2% [14, 15] . Posttraumatic tracheal damage that occurred subsequent to penetrating injuries (1% e7%) [16] and blunt injuries (0.5%e2.8%) [17] ( Figure 5 ) is rare. Excellent correlation of the poststenotic shape and contour of the tracheal lumen was noted between VB and FOB [18] . Moreover, VB correlates closely with FOB for grading of tracheobronchial stenosis [2, 18] . Static VB images cannot be used for dynamic assessment of narrowed segments of airways [17] , unless an additional examination of the selected areas is performed serially during inspiration and expiratory phases [19] .
Bronchoesophageal Fistula
Bronchoesophageal fistulas (BEF) in children may be congenital or acquired due to infection, trauma, ingestion of caustic materials, or inhalation of foreign bodies ( Figure 6 ) [20, 21] , whereas adult BEFs usually are secondary to locally invasive bronchogenic carcinoma, esophageal malignancy, or trauma [22, 23] . The diagnostic yield of bronchoscopy and esophagoscopy increases with prior knowledge about the location of the fistula track [22] . Although air insufflations have been helpful in some patients [24] , occasionally, despite extensive investigations, the diagnosis of a BEF can only be made at the operation table. Together, VB and multiplanar reformatted CT images were found to be complementary and are more accurate in localizing foreign bodies and their ensuing complications, such as fistula tracks and their meandering course ( Figure 6 ). The ability for retrograde visualization with VB may provide additional clues in the diagnosis of BEF, which may not be possible with forwardlooking FOB examinations ( Figure 6 ).
Tracheobronchial Tuberculosis
Endobronchial involvement of tuberculosis occurs in approximately 2%e4% of patients with pulmonary tuberculosis [25] . CT features include bronchial stenosis with wall thickening, obstruction from enlarging peribronchial soft tissue, and adjacent lymph node enlargement [26] . Often, a neighbouring caseous lymph node may erode the bronchial wall, which simulates a small intraluminal infiltrating nodule, and is associated with a larger extraluminal component, which appears like a tip of an iceberg (Figure 7) . Similarly, larger caseating erosions can compromise the bronchial lumen with the formation of large voluminous intraluminal masses (Figure 7) . Alternatively, the granulation tissue and fibrosis associated with ulcerations can lead to narrowing of the lumen, which is more commonly observed in the left main bronchus [26, 27] . VB images help in understanding various manifestations of tracheobronchial tuberculosis, more importantly, in patients with resistant tuberculosis who need serial examinations; it is not advisable to perform semi-invasive procedures, for example, FOB. In these instances, VB would be tremendously helpful for serial follow-up, which eliminates the chances of iatrogenic spread.
Carcinoma of Larynx
Squamous-cell carcinoma is the most common malignant tumour of the larynx, which represents more than 90% of all laryngeal cancers [28] . Squamous-cell carcinoma can arise in any part of the larynx (Figure 8 ). Early detection and surgical resections may be curative in laryngeal carcinoma [29] . VB complements TMN staging by 2-dimensional (2D) CT by accurately delineating of transglottic extension of tumours intraluminally (Figure 8 ) [30] . Very rarely, fungal infections may mimic a malignant tumour of the larynx [31] . Furthermore, VB, with retrograde visualization, may complement indirect laryngoscopy and fiberoptic nasal bronchoscopy in the evaluation of areas not accessible to endoscopic examination.
Bronchogenic Carcinoma
FOB still remains the best modality for evaluation of endoluminal and mucosal lesions of the respiratory tract [32] . VB appears to be reproducible and an alternate objective method for serial evaluation of these abnormalities, with a sensitivity and specificity of 83% and 100%, respectively, in patients with malignant tumours [33] . VB navigational techniques combined with ultrathin bronchoscopy (Olympus BF 3C40 fiberoptic pediatric bronchoscope [Olympus America Inc, Melviile, NY]) with an outer diameter of 3.3 mm, has enabled physicians to penetrate the peripheral bronchial tree and visualize lesions, with improved accuracy in the diagnosis and staging of lung cancer [3] . By using ultrathin FOB under guidance of CT bronchoscopy, a diagnostic yield of 86% was achieved across all lesions and 80.8% in lesions <2 cm in size [34] . The diagnostic yield of malignant lung lesions depends on visualization of the ''bronchus sign'' when the supplying bronchus subtending suspected lesion is available (Figure 9 ) [35] , and the diagnostic yield of electromagnetic navigation is higher in patients with a positive bronchus sign on CT (79%) than without (31%) a detectable bronchial division [35] .
Primary Tracheal Tumours
Primary tracheal tumours account for fewer than 0.1% of airway neoplasms. More than 90% of primary tracheal tumours are malignant, with a predominance of squamouscell carcinoma or adenocystic carcinoma [36] , the remaining malignant tumours include mucoepidermoid carcinoma, carcinoid tumour, and small-cell carcinoma [36] . Commonly, these tumours present as exophytic intraluminal masses and wall thickening ( Figure 10 ) [36] . Coronal reformatted images provide valuable information regarding tumour extension [37] . VB complements FOB by enabling visualization of distal portions of the tumour and the status of tracheal lumen distally ( Figure 10 ). VB also can assist preprocedural planning for biopsy, stent placement, and poststent follow-up ( Figure 10 ) [38] .
Tracheobronchial Lymphoma
The incidence of primary tracheobronchial non-Hodgkin lymphoma is reported to be 0.2%e3% of all tracheal tumours [39e41]. Isolated non-Hodgkin lymphoma involvement of the trachea is very rare, usually manifests as tracheal obstruction and can rarely present as multiple intraluminal submucosal nodules. Non-Hodgkin lymphoma should be considered as one of the uncommon causes in the differential diagnosis of airway obstruction. Although, 2D CT findings may be localized to the mid or lower part of the trachea, which present with irregular tracheal narrowing [42] , FOB features of tumour invasion often appear like irregular erythematous friable tumour, which causes localized narrowing of the trachea [42] . Uniquely, VB provides a noninvasive 3-dimensional global view of the intratracheal and intrabronchial obstructions, which reveals multiple nodular lesions of varying sizes, with underlying circumferential submucosal invasion (Figure 11 ).
Subglottic Lymphoma
Extranodal involvement of the larynx in non-Hodgkin lymphoma is uncommon, with a reported incidence of less than 1% of all laryngeal neoplasms [43] . Supraglottic involvement occurs with invasion of the epiglottis, aryepiglottic fold, and ventricle. These tumours arise from lymphoid tissue in the mucosal surface, which develop into typical lymphoepithelial lesions with local invasion [43] .
Subglottic stenosis secondary to lymphomatous involvement is often difficult to distinguish from other causes of stenosis, such as posttraumatic narrowing, collagen vascular diseases, benign and malignant neoplasms, and chronic inflammatory conditions [43] . VB by virtue of its superior capability of retrograde visualization compared with laryngoscopy offers excellent anatomic details of the subglottic structures and pathology, often with asymmetrical luminal narrowing ( Figure 12 ).
Kaposi Sarcoma
Primary Kaposi sarcoma (KS) of the trachea is rare [44] , being reported in 3%e13% of patients with AIDS, and usually is associated with cutaneous manifestation [45] . In the larynx, KS commonly involves the supraglottis (65%), glottis (47%), and subglottic area (18%) [46] . The FOB appearance varies from flat, violaceous, vascular-appearing purple nodules to diffuse wall thickening [47] , and, rarely, in extreme cases, significant growth of these tumours may cause airway obstruction (Figure 13 ). Multidetector CT features of thoracic and of head and neck KS have been described previously [46, 47] ; similar to FOB [48] , VB reveals pharyngeal and tracheobronchial involvement as nodular or polypoidal lesions protruding into the tracheobronchial lumen, along with diffuse infiltration of the tracheal wall ( Figure 13 ).
Tracheobronchopathia Osteochondroplastica
Tracheobronchopathia osteochondroplastica is an uncommon benign disease of the trachea and major bronchi, with rare involvement of the larynx [49] . CT features include multiple beaded osteocartilaginous nodules distributed over the anterolateral wall of the trachea, sparing the posterior membrane ( Figure 14 ) [49] . Unlike FOB, VB and reformatted CT images can simultaneously visualize the deeper cartilaginous calcification along with the beaded nodules, which extends from the larynx to the main bronchus, in a single examination. These submucosal scalloping nodules have been noted to cause varying degrees of airway obstruction all along the tracheobronchial airway; infraglottic larynx (2%), trachea (21%), main bronchi (10%) (Figure 15 ), lobar ( Figure 15 ), and segmental bronchi (5%) [49] . Other pathologies in the differential diagnoses include the saber-sheath trachea, relapsing polychondritis, and tracheobronchial amyloidosis [50e52]. 
Multiple Myeloma of the Larynx
Laryngeal involvement in a patient with systemic multiple myeloma is rare [53, 54] and usually involves the epiglottis followed by glottis, false vocal cord, aryepiglottic fold, and subglottis [55] . Myelomatous deposits to the cricoid cartilage are extremely rare, presenting with hoarseness of voice and upper respiratory tract obstruction due to involvement of the vocal cord ( Figure 16 ) [56] . When considering the rarity of myelomatous involvement of the cricoid bone, often superficial biopsy from a laryngeal mass may be confusing and hence may need to be corroborated with bone marrow samples or biochemical markers [56] . VB provides comprehensive information regarding gross infiltration of the vocal cord, compromised laryngeal lumen, in addition to findings of destruction and expansion of the cricoid cartilage on accompanying 2D CT image ( Figure 16 ). Serial follow-up VB also can be used to evaluate the response to therapy.
Advantages, Limitations, and Pitfalls
Although curved multiplanar reformatted CT images provide considerable information about the disease patterns, VB has additional advantages of 3-dimensional display of pathology, which mimics the images of FOB. VB also can be used as a road map for navigation during transbronchial aspiration and biopsy of mediastinal and hilar masses [57] . McAdams et al [58] demonstrated significant reduction in sampling error of transbronchial needle aspiration by the use of VB navigational technique with FOB. Furthermore, VB also has been found useful for stent placement and follow-up ( Figure 10 ) [59] . The quality of VB may be limited by poor aeration, which may be further compounded by the asymmetric position of the intraluminal tumours and hence needs to be correlated with the 2D CT source images. VB lacks the real-time capability of FOB and is prone to respiratory variations; airway patency may appear falsely compromised compared with the source images. Moreover, the apparent degree of stenosis varies with the differences in air and tissue threshold display settings ( Figure 10 ) [59, 60] . Although lower threshold values (display settings) falsely can increase the apparent stenosis and, conversely, higher thresholds can erroneously produce a mucosal gap [60] . Bronchial bifurcations oblique to the axial CT section may often mimic mass lesions, whereas tracheal rings located off center can produce stair-step artifacts [60] . More importantly, VB cannot provide any information with regard to mucosal texture and colour of the bronchial lumen; hence, uncommonly, it may be extremely difficult to distinguish between true mucosal tumours and from mucous collections. Although, multidetector CT produces images with higher spatial resolution, the radiation exposure, especially in pediatric patients is a concern, and it should be kept as low as reasonably achievable [2] . By using step-and-shoot dualsource CT, a mean radiation dose of 0.26 mSv may be achieved in pediatric population [61] and would be a suitable alternative to the spiral acquisition.
